Modeling theory was used in the design of a method to teach problem solving in introductory mechanics. A pedagogical experiment to evaluate the effectiveness of the method found positive results.
INTRODUCTION
This article reports on the first attempt to improve physics teaching by applying the modeling theory of instruction set forth in Ref. 1 . The theory was applied to the design of a specific instructional method, and the effectiveness of the method was assessed by a pedagogical experiment. The experiment can therefore be regarded as a partial test of the instructional theory. A full scale test of the theory is out of the question at this time, because that would require a wholesale revamping of available instructional materials. Moreover, the basic principles of the theory are not sufficiently specific to be tested directly. Rather, they determine the direction of a research program for the development of instructional design. The purpose of our pedagogical experiment, therefore, was to ascertain whether our first steps in that direction actually improve instruction.
For good reasons that need not be discussed here, problem solving performance is usually taken as the principle measure of student understanding in a physics course. The poor performance typical of most students on physics examinations suggests that conventional methods for teaching problem solving are far from optimal. For this reason we decided to apply the instructional theory directly to the design of instruction in problem solving. We did that in two ways. First we employed the conventional lecture method for a systematic exposition of modeling principles and techniques in solving mechanics problems. As we did not expect that approach to be very effective, at least by itself, we developed another approach which makes greater use of the instructional theory.
We turn now to consider what went into the design of our teaching method before describing our pedagogical experiment and discussing its results and implications.
II. THE METHOD OF PARADIGM PROBLEMS
From previous research, we know that the initial "common sense" (CS) knowledge of students has a significant detrimental effect on their performance in physics courses, and conventional instruction is ineffective in correcting defects in this knowledge (Ref. 1, 2, 3 , and references cited therein). A taxonomy for analyzing defective CS factual knowledge about mechanics has been developed 2 . Defective procedural knowledge is evident in the "formulacentered" approach to problem solving employed by most beginning students. This information should be used to improve instructional design. According to our instructional theory 1 , we need an instructional method which promotes a model-centered approach to problem solving, and the method should have a dialectical component to promote the substitution of "Newtonian knowledge" for defective CS knowledge.
To meet these specifications, we have devised what we call the method of paradigm problems. The method has three major features: (a) systematic design and selection of paradigm problems for intensive study; (b) a dialectical teaching strategy; (c) a gradual introduction of modeling theory and techniques. Let us elaborate on each of these features in turn.
Our method is based on a careful selection of a small set of paradigm problems in the scientific domain of interest, specifically, particle mechanics in our pedagogical experiment. We say "paradigm problems" because the problems are chosen to be characteristic of problems in the entire domain under study, and their solutions are to be used as models for the solution of other problems in the domain. Paradigm problems are designed and selected using principles of our instructional theory. Two general kinds of consideration are involved. First, we seek problems which evoke and challenge the typical common sense misconceptions about the subject domain. Second, we select a set of problems which require for their solutions the complete system of modeling techniques which we aim to teach, including domain specific modeling techniques as well as general modeling strategy and tactics. No problem will require all the techniques for its solution, but each problem will require a nontrivial application of at least one important technique.
It is important to keep the number of paradigm problems to a minimum so there will be time to study each problem thoroughly. It is equally important to aim for a set of paradigm problems which is complete in the sense that it confronts all typical misconceptions and embraces all the important modeling techniques. A set of five to ten paradigm problems seems to be sufficient for teaching Newtonian particle mechanics at the introductory level. We do not present a particular set here, because we have not settled on a set which we think is optimal. However, Reif and Heller 4, 5 give several good candidates supported by the kind of analysis which is needed before they can be used effectively as paradigm problems.
The manner of engaging students in the study of paradigm problems is critical, if the paradigm problems are to perform their intended instructional function. Students need time to recognize and equilibrate discrepancies between Common Sense and Newtonian concepts as well as to understand the nature and purpose of specific modeling techniques. Theory suggests that a situation like this calls for a dialectical teaching strategy 1 . Accordingly, an interactive problem-solving approach like the following is appropriate. The instructor begins the attack on a given problem by soliciting from the students on what information to select from the givens and how to represent and use this information. Specifically, 1. The instructor asks students to list all relevant information. 2. Students furnish ideas which the instructor writes on a blackboard (or overhead projector). 3. A group discussion follows to separate relevant from irrelevant information. 4. The instructor asks students what to do with the selected information. 5. Students furnish problem solving tactics and strategies which the instructor outlines on the board. Student suggestions can usually be classified into two or three main types. 6. The instructor asks each group of students to defend its tactics/strategies. Different groups are asked to criticize tactics/strategies offered by other groups. Students are asked to support their arguments with appeals to facts and laws of physics. 7. If the conflict between groups is resolved and an appropriate method of solution emerges, the instructor summarizes the major steps that need to be implemented and proceeds to solve the problem.
8. Otherwise, the instructor introduces new ideas for students to consider until sufficient information for solving the problem is available. As a rule, at least 20 minutes is needed for the analysis and solution of a paradigm problem by this interactive approach.
In leading the class study of paradigm problems, the instructor is guided by the principles and techniques of modeling theory which are introduced as they are needed. These ideas are summarized and integrated in a system of handouts which are distributed to the class gradually as the instructor decides that the students are ready to appreciate and use them. For Newtonian mechanics we recommend the following system of handouts:
I. An outline of the general model development strategy (such as Fig. 1 Each of the handouts is worthy of some discussion when it is distributed, since it summarizes an important body of information. After a handout has been distributed, students are encouraged to refer to it in problem solving practice and in subsequent discussions of paradigm problems whenever it is relevant. After the complete set of handouts has been distributed, students should be able to justify any step in problem solving by reference to an appropriate handout. Moreover, they should master the information on the handouts so completely that the handouts will not be needed for examinations. Note that the handouts will not be used in problem solving in the same order that they are distributed. For example, Fig. 2 1 will be one of the first handouts distributed, since it is concerned with kinematics which is studied before dynamical concepts are introduced.
Of course, students must practice to become skillful problem solvers. And for efficient learning, they must practice good technique. The method of paradigm problems provides exemplars and an organized system of principles to direct the attention of students toward what they should practice. Ideally, the class discussion of a paradigm problem should be immediately followed by student practice on problems specifically selected to reinforce the lessons learned in the discussion. Unfortunately, we fell short of this ideal in our pedagogical experiment, because an adequate methodological analysis and classification of all the assigned problems was too big a task for us to complete.
III. DESCRIPTION OF THE EXPERIMENT
The experiment was designed to test the following two predictions: I. Student achievement in physics can be improved by incorporating a systematic discussion of modeling techniques into class lectures. II. Student achievement can be further improved by employing the method of paradigm problems in recitation classes. All subjects in the experiments were students in the first semester of University Physics at Arizona State University in the fall of 1983. Characteristics of the student population, the course content, and the textbook were the same as for the courses in Ref. 3 . In addition, the courses were taught in a conventional lecture-recitation format as described in Ref. 3 . The students were divided into four groups, a control group (CG) of 119 subjects, and three treatment groups (TG1, TG2, TG3) consisting of 235, 64, and 20 subjects, respectively.
Lectures to the treatment groups were delivered by one of us (DH) in two separate classes. One class consisted of TG1 subjects only, while the remaining subjects attended the other class. Lectures to both classes were based on a modeling approach to mechanics along the lines described in Ref. 1 . The distinctive ingredient of the lectures with greatest relevance to our experiment was a detailed discussion of the descriptive stage in developing particle models, illustrated by specific applications to problem solving. Particular attention was paid to the representation of information by diagrammatic techniques such as maps, graphs, and force diagrams, as well as the translation of information into mathematical form. Moreover, the rationale for each technique was carefully explained. The explicit discussions of modeling concepts and procedures continued through mid semester until the sections on single particle mechanics were completed. Thereafter, beginning with many particle systems, the course was taught along conventional lines, with only incidental references to modeling. This was done to see if we could detect any residual benefits from the initial instruction in modeling.
The University Physics course includes a weekly 50-minute recitation class of no more than 25 students. The three treatment groups differed in the recitation instruction they received. Recitations for TG1 were conducted by experienced graduate teaching assistants who were unaware of the nature and objectives of the experiment. Recitations of TG2 and TG3 were taught by one of us (IH) using the method of Paradigm Problems, although the handouts distributed differed somewhat from those recommended in our discussion of the method. A single hour per week is insufficient to take full advantage of the method, so TG3 was given an additional two hour recitation session each week for the first seven weeks of the semester.
Since the students in TG3 were required to attend extra recitation sessions, they had to be volunteers. The 20 students in TG3 were selected randomly from a group of 73 volunteers. Subsequent performance of the volunteers who were not chosen did not deviate significantly from that of the TG1 and TG2 groups in which they remained. So initial motivation was not an important factor distinguishing TG3 from the other groups.
The control group attended lecture and recitation classes which were completely independent of the treatment classes. The control group was given conventional physics instruction by a professor and teaching assistants who were unaware of the nature and objectives of the experiment. However, the control and treatment classes used the same textbooks, had the same daily schedule of topics to be covered and the same set of recommended homework problems.
For baseline data, the competence of students in all groups was measured by the validated physics and mathematics pretests described in Ref. 3 . Students were classified into three competence classes: (a) High competence for a total physics-math pretest score of 40 or more (out of 79 possible); (b) Average competence for a total score between 30 and 40; or (c) Low competence for a total score of 30 or less.
Student achievement was measured by pre-post-test gain on the mechanics diagnostic test of Ref. 3 and by performance on four course exams, including a final exam and three "onehour exams" given at approximately four week intervals during the semester. The course exams were composed entirely of physics problems. To minimize any possibility of "teaching the tests", the problems were selected mainly from exams used by previous instructors without participation of the TG2 and TG3 instructor (IH). To make direct comparisons of achievement possible, the exams were the same for all treatment and control groups, except for differences on the third exam, and a uniform grading scheme was imposed. 
IV. RESULTS AND CONCLUSIONS FROM THE EXPERIMENT
All treatment groups achieved a higher gain than the control group on the mechanics diagnostic test and performed better on examinations. The diagnostic tests enabled us to compare these groups with previous groups under other instructors. Table I gives the average scores for all groups on the physics and mathematics diagnostic pretests. Differences in the mechanics pretest scores are insignificant, but the control group shows a higher mathematics competence. Comparison with the results in Ref. 3 shows that these scores are typical of introductory physics classes at ASU.
The mechanics diagnostic test was repeated at the end of the semester. The pre-post-test gains for all groups and their average-and low-competence subgroups are given in Table II. Comparison with the results of Ref. 3 shows that the control group gain is comparable to gains of classes taught by other instructors, but the gains of all treatment groups exceed the gains of any previous class, including one taught by the same professor (DH). The greater gain of TG1 is significant, but only the gain of TG3 is impressive by comparison. What do these results tell us?
In Refs. 2 and 3, we established that a student's pre-posttest gain on the mechanics diagnostic test can be regarded as a measure of the transition from common sense concepts to Newtonian concepts of motion. In the lectures to the treatment group, no special efforts were made to deal with common sense misconceptions, so the greater gains of TG1 over CG are reasonably attributed to alterations of common sense concepts induced by instruction in modeling, though the evidence for this conclusion is admittedly weak. On the other hand, a systematic effort to eliminate common sense misconceptions were made in TG2 and TG3 recitations, and Table III shows clear evidence for its success. The gain was greatest for lowcompetence students. This result is perhaps more impressive when we note that the average mechanics post-test score for the low-competence students in TG3 were nearly the same as that of students who received an A grade in the course. This is clear evidence that the difference between high-and low-competence groups is not simply a difference in innate abilities. Instruction can be effective! However, the absolute posttest scores are still far from satisfactory, so the instruction leaves a lot to be desired. Tables III-VI. b The primary index is the average of scores on the first two exams, computed only for students who took both exams.
Turning now to an analysis of performance on course exams, our first concern is to establish that the instruction given to the control group is typical of conventional instruction. The lectures were given by a respected colleague; they followed closely the form and content of a conventional textbook, and example problems on the various topics were worked out regularly. We have already seen that the diagnostic test results for the control group were typical of previous classes. For additional external evidence, the first l-h exam was identical to one designed and given previously by another professor. The average score of the control group on this exam were 53% (S.D. = 23.46), which is not significantly different from the score of 51% (S.D. = 19.89) for the previous class. For these reasons, we regard the performance of the control group as typical of class performance under conventional instruction.
Average scores on the first two 1-h exams for all groups are given in Table III . The first exam covered mainly elementary kinematics and particle motion under a constant force. The second exam was concerned more generally with particle dynamics. These two exams covered the entire (half semester) period of special instruction for the treatment groups. The average difference between treatment and control groups rose from 6.45% on the first exam to 12.66% on the second exam, suggesting a cumulative effect of the special instruction. As a performance measure for the entire period of special instruction we use the mean of the first two exam scores, which we call the index of primary achievement.
To establish that the performance difference between treatment and control groups was, in fact, a consequence of the special instruction, we analyzed individual responses on the second exam. The treatment groups had been given exceptionally thorough instruction in systematically identifying all forces on a body, correctly representing their properties on force diagrams and translating this information into equations of motion. Our analysis confirmed that this accounts for the performance difference. The exam consisted of four problems for which solutions would be facilitated by drawing force diagrams. In fact, diagrams were almost a necessity to solve two of the problems. About 85% of the trained subjects, but only 40% of the controls, tried to draw force diagrams for these two problems. Fifty percent of the trained and 20% of the controls were able to draw correct diagrams. Of those students in both groups, about 75% were able to determine correct equations of motion. Nearly all students who drew wrong diagrams were unable to determine the correct equations. And less than 10% of the students who did not draw diagrams were able to determine correct equations. Most of those who found the correct equations of motion were able to solve the problem completely; the failures, of course, were due mainly to mathematical deficiencies.
The real effect of the special training may be most accurately indicated by the comparative fractions of students who drew correct diagrams ( 50% vs. 20% ). In other words, the real effect is more than twice the 12.5% difference in average test scores. This agrees with our estimate that perhaps 50% of the TG1 and TG2 groups ignored the special training for various reasons, such as the fact that there is no mention of it in their textbook and many students attend large lecture classes irregularly. The better performance of TG3 is explained in part by much better compliance with the special training. When we take into account the fact that the TG3 has a much larger percentage of low competence students then the other groups (Table  IV) , we see that the primary achievement of TG3 was clearly superior to that of all other groups. Indeed, the primary achievement of the TG3 low-competence students was better than that of high-competence students in the control group CG. Note that this is consistent with our results on diagnostic test gains.
The analysis of exam results supports our belief that the superior achievement of TG3 was due principally to the nature of the special instruction and is not merely a practice effect from the extra hours of recitation. Unfortunately, for practical reasons we were unable to check this by setting up a control group with the same number of extra hours of conventional recitation. However, our previous experience with extra hours of conventional problem solving recitations had convinced us that it has little effect on student achievement. Our conclusion that improved performance is a consequence of our special training is supported by results of Heller and Reif 5 , which we learned about after our experiment was completed. In an exceptionally well-controlled experiment, they validated a prescriptive model for generating useful descriptions of scientific problems. Our special training emphasized nearly all the important elements of their model. Consequently, our results confirm the pedagogical value of their model in a real classroom situation. Their excellent formulation and explication of scientific description should be widely used in physics teaching.
Results in Table V of the third exam indicate that earlier special instruction in modeling transferred to better achievement on new material. This exam included problems on rigid body dynamics and particle collisions. The control group was given a different exam on the same topics, but experienced instructors agreed that every problem on it was easier than the corresponding problem on the exam given to the treatment groups. Nevertheless, the comparatively better performance of the treatment groups was maintained at all levels of competence: (a) about 10% for high-competence students, (b) 20% for average competence, and (c) 12% for low competence. For high-and average-competence students, the differences of the three treatment groups on this exam were insignificant. But the better performance of low-competence students in TG3 continued. This was in spite of the fact that many failing students in TG1 and TG2 withdrew from the course after the second exam, but no lowcompetence students withdrew from TG3. Table VI shows that the comparatively better performance of the treatment groups persisted through the final exam, which covered new material on thermodynamics and emphasized material in the last half of the semester. The semester index reported in the table is based on weekly quiz grades as well as all course exams. Different quizzes were given to treatment and control groups but the scores were normalized to the same average value in computing the index.
An overall comparison of achievement for the various groups and subgroups is given in Table VII . Grade cutoffs were nearly the same for treatment and control groups. Overall, the fraction of students achieving a grade of C or better in the treatment groups were 15% larger than in the control group. Surely the most notable result in the entire experiment was the achievement of the TG3 low-competence students shown in Table VII . None of these 11 students withdrew, and only one failed to achieve a C or B grade. By contrast, the dismal performance of the CG lowcompetence students shown in the table is typical of conventional instruction; for we established in Ref. 3, using statistics from several previous classes, that about 80% of lowcompetence students failed to complete the course with a grade of C or better. Thus, the TG3 instruction overcame tremendously unfavorable odds. We have additional evidence that this kind of success can be replicated. Evidently, many students with low-initial competence can indeed be salvaged!
V. DISCUSSION AND RECOMMENDATIONS FOR RESEARCH
To be frank, we were surprised by the results of our pedagogical experiment. To begin with, we were surprised to find such clear evidence for improved student performance as a result of mere lectures on modeling theory and techniques. This has given us new respect for the lecture method. The best previous evidence known to us indicated that in large physics classes, wide variations in the apparent quality of lectures, from doggedly competent to charismatic, produce negligible variations in student performance on exams. But our results now indicate that the performance of some students can be improved by variations in the content of the lectures bearing on the technical foundations for performance. This gives us some hope that further refinement in lectures on the technical aspects of modeling may have more beneficial effects.
Nevertheless, we remain cognizant of severe inherent limitations in the lecture method. The lecture method is a didactical (or preceptive) method, best suited to setting forth a particular line of thought to an audience which shares the preconceptions of the lecturer. Therefore, it is more appropriate for advanced courses in physics than for introductory courses where the majority of students are not yet accustomed to the modes of scientific thinking. For teaching introductory courses, a dialectical, (or evaluative ) method is needed to provoke students to analyze and evaluate their own preconceptions, to examine the grounds for common sense and scientific beliefs. This point has been eloquently made by Arnold Arons 6 on many occasions. And the results of our experiment give it some empirical support. Of course, some combination of didactical and dialectical methods is needed at every level of instruction.
We were most surprised by the large diagnostic test gains of low-competence students who received dialectical instruction in modeling, and by high correlations of these gains with exam performance. Surprised, because the results conform to our instructional theory so perfectly! Yet all previous research indicated that such large gains should be extremely difficult to achieve, because common sense preconceptions are so stable. More recently, Minstrell 7 has reported impressive success in teaching the Newtonian force concept with an intensive dialectical method. This supports our theoretical prediction that defective common sense knowledge can be corrected by a suitable dialectical teaching method. It gives us good reason to believe that major improvements in instruction can be achieved in this direction.
A variation of our pedagogical experiment carried out a year later gave some additional information. One of the teaching assistants in the control group of our original experiment became familiar with our instructional theory and method. He decided to follow a modelcentered strategy for problem solving in teaching recitations, but he was encouraged to do things his own way without rigidly following the format used in our experiment. The result was a dramatic improvement in his teaching. This was obvious in an unprecedented wave of enthusiasm among the students, who raved about the helpfulness of his recitation sessions. He became the most popular teaching assistant ever in our department. He, himself, attributed his success mainly to the modeling approach, which helped him identify key factors in problem solving and develop a new order and coherence in his teaching. An objective measure of his success was obtained by comparing the performance of his students with those of a control group in the same way as in our experiment. The overall relative gains with respect the control were about the same as in our experiment, with the average competence students doing better but the low competence students not as well. However, on the diagnostic test his students did no better than the control group. We believe this means that his success in teaching procedural knowledge may have been greater than in our experiment, but he failed to deal adequately with the factual misconceptions which interfere most with the learning of low competence students. He agrees that he made no special effort to expose such misconceptions in this teaching. By the way, Figs. 1, 2, and 3 of Ref. 1 were used as handouts in this experiment. Figure 2 proved to be very helpful both in class and in student self-study. But Figs. 1 and 3 were not emphasized in recitations, so most students ignored them. Thus, it remains to be seen whether they can play a valuable practical role as handouts in support of modeling instruction.
It should be evident that effective implementation of the method of paradigm problems requires considerable skill and preparation on the part of the instructor. Mastery of the subject matter is insufficient though it is necessary. As we have described it, the method is best suited for classes of moderate size, say between 10 and 40 students. In larger classes, reciprocal interaction between students and instructor is more difficult to achieve, so it might be better to use a variant of the method in which the instructor proposes conflicting alternatives to be evaluated by discussion (instead of soliciting alternative from the students). Variants of the
